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LODUCTION 





lity of electric power supply can be expressed in a reliability 
The (annual) loss-of-load probability, LOLP, a generally ac- 
index, can be determined from statistical considerations of 

le power and load demand. These considerations can be generalized 
ude the fluctuating output of wind farms integrated with a 

. power system. From these generalized calculations a capacity 

of wind power may be derived, denoting the amount of convent- 
apacity that can be displaced by wind power while maintaining 
juired reliability level. In recent years many papers have been 
led dealing with the capacity credit of wind power }1-13]. 

| ways of wind power modeling have been applied. In |14,15| a 

icy and duration method is used in which thermal units are modeled 
State Markov processes and wind power is treated either as a 

re load or as a production unit with many derated states. With 
thod not only the (annual) LOLP can be derived, but also other 


lity indices, e.g. the frequency of loss-of-load events. 


', in all methods the modeling of the thermal units is rather 
A unit which is not on forced or scheduled outage is assumed 


ble to produce full power whenever required. Thus, operating 


rations and restrictions are neglected in these reliability models. 


mplification may lead to unrealistic reliability indices, in 
lar if an intermittent and partly unpredictable power source is 


ted with a thermal system. 


y, models have been published which take operating considerations 

count for all-thermal systems |16,17|. In |16| a thorough study 

n reported on short-term and long-term reserve requirements. 

r implementation of the model requires quite some data management. 
a very elegant way to implement operating considerations has 

esented by Patton et al. Their method implies an extension of the 

cy and duration method, in such a way that the reliability ef- 

f unit duty cycles, start-up failures, start-up times, outage 


abilities and spinning reserve policies are taken into account. 


as presented in |17| have been used to extend our frequency and 


n model |14,15| for the evaluation of the reliability of wind- 
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assisted utility systems. In section 2 the basic principles willbe des- 
cribed briefly and in section 3 some illustrative sample problem results 
will be given. The Appendix contains the applied formulae. The algorithm 


presented there differs in some ways from the one given in [17]. 


2. MODELING OPERATING CONSIDERATIONS AND RESTRICTIONS 





The "classical" two-state Markov model of a thermal production unit is 
given in fig. l: the unit is either available (with probability p) or 
on outage (probability q), the failure rate is À and the repair rate 
is u. 


A unit that is not run continuously, but committed to serve medium-load 


OT peak-load, can be in four states (see fig. 2): available/needed, 


available/not needed, down/needed and down/not needed. The departure 
rates p' and p in fig. 2 are determined by the properties of the load 
and by the level in the commitment priority list assigned to the unit 
(see fig. 3). The load is characterized by tvo functions, F (E) and 

f (E), denoting the probability and frequency, respectively, of load 
levels greater or equal E. In the frequency and duration method applied 
here (and explained in |14,15|) the concept of effective or equivalent 
load is used |18,19|: the effective load e is the sum of system load % 
and capacity on forced outage o, the fictive load o of units already 
committed can be served by units on a lower level in the unit commit- 
ment priority list. By using the four-state model of fig. 2 one can 
take into account that the unit can fail only if it is running (and, 
therefore, if it is needed), but it can be repaired not only while it 
is needed but also while it is not needed. In the latter case repair 
does not affect system reliability. Effectively, this unit has a higher 
availability probability than the value derived from the two-state 


model of fig. l. 


Yet this four-state model is not sufficiently detailed to account for 


the following important operating aspects. There is an increased failure 


probability during a start-up. Furthermore, during the start-up procedure 


the unit is not available effectively. The finite start-up time will not 


affect system reliability if the unit can be started in time to serve pre- 
dictable increasing system load, but it does affect system reliability if 


the unit is needed to serve unpredicted load increases (due to failure of 


other units or unpredicted drops of wind power). Finally, a failure 
does not always force the unit to go down immediately. If a certain 
outage postponement time is possible, there is an increased probability 
that the unit can keep running until it is not needed any more because 


of system load decrease or because a faiied unit has been repaired. 


If all these considerations are taken into account the six-state model 


in fig. 4 is obtained |17|. With some algebra this model can be approximated 


by an "equivalent" or conditional two-state model with equivalent unit 


availability and failure rate |17|. With conditional is meant: "on the con- 


dition that the unit is needed". In this way the recursive relationships 
of the "classical" frequency and duration method can be maintained, with 
which the properties of the effective load are developed after each 


successive addition of a production unit. Only one extension is neces- 


sary: the load frequency characteristic, fe(E), should be split into 


two components, one component for transitions due to predictable load 
increases and the other one for unpredictable capacity outages. 

The algebra is given in the Appendix. It should be mentioned here that 
all possible transitions shown in fig. 4 are assumed to be "markovian". 
For some transitions this may be a rather rough approximation. There 

are several ways to overcome this difficulty 120], all of them involving 
more elaborate calculations. In |16] extensive use has been made of these 


improvements. 


So far only thermal production units vere considered. Nind pover can be 
modeled in the same vay as described in 114,15], viz., as a "multi- 
stage" production unit, with probabilities and frequencies of the many 
derated states determined from historical wind data. In the calculational 


procedure the transitions between the various capacity states can be as- 


sumed to be either exactly predictable in time or completely unpredictable. 


Only these two extreme possibilities have been considered up to now since 


they can be modeled quite easily. Further details are given in the Appendix. 


Finally, it may be mentioned that spinning reserve policies can be taken 
into account. In the process of unit commitment the system load to be 
served by generating capacity can be augmented by an amount equal to the 


desired spinning reserve margin. 


3. CASE STUDIES 





3.1. Reliability indices of a thermal generating system 








The power supply system considered here was studied earlier in refs. 
|13-15]. Its parameters are given in table !. The new parameters intro- 
duced here are the start-up failure probability Pos the mean start-up 
time To» and the mean outage postponement time Tp: The parameters were 
partly taken from literature '17,21,22| and are partly only reasonable 
guesses. System load is also the same as used in |13-15|. The half- 
hourly load values realized in the Netherlands in 1978 were scaled up 
to values expected in 1985, with system peak demand 11472 MW and annual 
average demand 7588 MW. An uncertainty of 3.2% (1 c) in the forecast 


peak load was taken into account in the way described in |13-15|. 


Table l. System generator parameters 
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Table 2. Reliability indices of the thermal supp 











Case| Operating LOLP 1/£ Er 
assumpticns (hr/y) (y) (MWh/d) 
l "classical" method | 1.45 1.50 1.49 
2 | P¿=Tg=Tp=0 2) 0.46 | 4.48 | 0.43 
3 | Pg=0.02;Tg=Tp=0 1.00 | 2.14 | 1.00 
4 | Ts>O 3); P¿=T,=0 0.59 | 3.52 | 0.56 
5 | Tg>0 *); Ps=Tp=0 0.84 | 2.50 | 0.83 
6 | Tp=0.5 day;Pg=Tg=0 | 0.38 | 5.81 | 0.35 
7 | Ps=0.02:T5>0*); 1.23 1.90 1.24 
Tp=0.5 day 























Commit- | Unit Unit | No. |Fail- | Repair | Start-up Btari-up|Outage 
ment type capa- of ure rate y | failure time  |postp. 
priority city | units| rate À | (day”!)| probabi- Ts time T 
(MW) (day”!) lity Pg (days) 











nuclear |1000 1/63 1/7 these base-load 0.5 
coal 600 1/18 ug w. tn 0.5 

continuously 
oil/gas| 300 1/18 1/2 0.02 6 h 0.5 
oil/gas | 150 1/18 1/2 | 0.02 4h 0.5 


gas 50 1/19 l 0.02 4 min. 0.5 
turbine 



































Table 2 shovs reliability indices calculated vith various assumptions 
made with respect to operating policies and restrictions. In case ] 
the "classical" assumption was made that all units are continuously 
"stand-by". In the other cases the units were committed in the order 
given in table l. Except for the 1000 MW and 600 MW units, they were 
started only if they were required by system load increases or forced 
outages of other units. No spinning reserve requirement was observed 


in this process of unit commitment. 





l) LOLP = loss-of-load probability, 


f = average frequency of loss-of-load event: 

Er = expected curtailed energy, 

T = mean duration of loss-of-load events, 

P - mean power shortage during loss-of-load 
2) Ps = start-up failure probability, 

Ts = start-up time, 

Tp = outage postponement time. 
3) Ts = 6 hr, 4 hr and 4 min. for 300 MW, 150 M 


respectively (see table 1l). 


4) Ta = 6 hr, 4 hr and | hr for 300 MW, 150 MW, 


respectively. 


The higher effective availability of cycling unit: 
compares cases l and 2 in table 2. However, if th 
bability is taken into account (case 3) the effec: 
again reduced considerably. With start-up times T, 
(case 4) system reliability is reduced too, althoı 
because of the large number of quickly starting Sf 
50 MW units would have a start-up time of l hr in: 
system reliability would be worse (case 5). Final: 


Tp 20 improves reliability of electricity supply | 


Ly systeml), 
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The results presented here should be considered as illustrations of 


the calculation method. The adopted commitment rules are probably not 





In fig. 6 operating considerations were taken into account, viz. 


Pg 5 0.02, Ts =á hr (150 MW units) and 4 min. (50 MW units), and Tp =} d 


Table 3. Capacity credit (MW) of a 5000 MW wind farm based on two 


reliability criteria, viz. either maintaining LOLP or main- 

















rated indeed. This is quite apparent from the low (case 3) and even 


negative (case 6) wind power capacity credit for such an unwise 





T P optimal from a technical and economic point of view; the fairly large (see also table 1). For the wind-assisted system three calculations taining the frequency f of loss-of-load events. Displaced operating strategy. 
(hr) (MW) 300 MW units had to be started and shut down too often. Furthermore, were performed, differing in the assumptions made with respect to the capacity: 50 MW thermal units specified in table 1. An increased start-up time of the 50 MW units can increase the capa- 
x system load data o£ a full year were used; in practice shorter periods fluctuating wind power output: kabili city credit of wind power (compare, e.g., case 2 and case 5), which 
ied 376 are considered in the process of unit commitrent. l. The fluctuating output was assumed to be exactly predictable in time; 0088648186 bbéddptions "LADAN might took à bit coabuslag: Husvik; it should bè rédiiséd that the 
2.04 344 no additional spinning reserve to absorb unpredictable Fluctuations LOLP f longer start-up time makes these units less available effectively. 
2.14 365 3.2. Capacity credit of wind power was required, therefore. Wind power output was committed before any a TERT i Their exchange value, when compared with wind power availability, is 
© 2.07 351 thermal plant. Otherwise stated, wind was considered as a negative — — Y reduced. But it should also be kept in mind that the longer start-up 
as 399 - — —— T —S — ee —— ——— m» mn—— — wind power predictable start-up time time has deteriorated overall system reliability, of the all-thermal 
2.19 340 farm is integrated with the thermal system described in section 3.1. The fluctuating output was assumed to be completely unpredictable, wind power unpredictable, no of 50 MW units: system as well as the wind-assisted system (compare figs. 6 and 7). 
1.49 370 The wind farm properties were described earlier in |13-15|: 5000 stan- but no additional spinning reserve margin was maintained. The wind additional spinning reserve 4 min.; 
dard wind turbines of l MW rated power were assumed to be located near farm was again committed first. Transitions between wind capacity wind power unpredictable, with | see fig. 6 
Den Helder weather station. Wind power output characteristics were ob- outage states were now considered unpredictable. — — — 4. CONCLUSIONS 
tained by using the hourly averaged wind speed data of the year 1965, The fluctuating output was again assumed to be completely unpre- i ; i 
f | I wlnd power predictable start-up time 565 
bh which were put at our disposal by the Netherlands Royal Meteorological dictable; an additional spinning reserve margin equal to the instantaneous wind power vapredietabie, m of 50 MW units: | -100 The ideas developed by Patton et al: |17] to include operating consi- 
Institute KNMI. The wind farm was modeled as a 201-stage production unit available wind power was maintained. This margin was realized additional spinning reserve | hr.; derations in thermal system reliability modeling have been applied to 
(step size 25 MW). The (unrealistic) assumption was made that all wind in the unit commitmen* procedure by assuming that no wind power at wind power unpredictable, with | see fig. 7 520 a reliability model for wind-assisted systems. The calculated results 
events. turbines were exposed to the same instantaneous wind speeds. Furthermore, all could be expected. All thermal units were committed first to — — —Á" presented in this report have shown that the effects of operating 
in the present calculations the turbines were assumed to have a suí- 


ficiently high furling speed to stay in operation during infrequent 


serve system load; the wind farm was the last production unit to be 


committed. 























- 


considerations and restrictions like unit commitment policies, start-up 


failures, start-up times and outage postponability can be evaluated, 


With respect to the results presented in figs. 5 to 7 and in table 3 


periods with very high wind velocities (see |13-15| for further details 


It can be suspected that the finite start-up time of the thermal units I i i as well as the effects of wind power (un)predictability and spinning 
the following observations and conclusions can be made: 


acd discussions on wind power characteristics). I I , , A "er AS , . I 
1s an important operating constraint with respect to wind power inte- reserve policies. In reliability evaluations of wind-assisted systems 


Y and 50 MW units, - The capacity credit of wind power calculated with the "classical" 


In the calculations to be described below not only the 1000 MW and 600 MW gration. Fig. 7 presents reliability indices calculated on the assump- these considerations appear to play an important role. The capacity 


ind 50 MW units, 


3 is evident if one 

2 start-up failure pro- 
tive availability is 

; > 0 taken into account 
igh not so drastically 
) MW units. If these 
stead of 4 min., 

ly, outage postponement 


(case 6). 


thermal units were run continuously (unless on forced outage), but aiso 
the 300 MW units, which is different from the unit commitment rule ap- 


plied in section 3.1. 


In figs. 5 to 7 the two most useful reliability indices LOLP and 1/f 
are given. They were calculated for the thermal system alone and for 
the wind-assisted system. In these calculations the total number of 


50 MW units in the thermal system was varied. 


Fig. 5 shows the indices calculated in the "classical" way. It can be 
observed that the reduction of LOLP due to the integration of wind 
power is larger than the reduction of the frequency of loss-of-load 
events f. It should be realized, however, that the fluctuating output 
of a real 5000 MW wind plant will be somewhat smoother than what was 


assumed in the calculations (see also ref. |15]). 


tion that the start-up time of the 50 MW units was l hr instead of 4 min. 


Finally, a capacity credit of the wind farm may be derived from the 
figures by measuring the horizontal distance between corresponding lines 
for the all-thermal system and the wind-assisted system at the required 
level of reliability (the choice of the reliability level has only a 
small effect on the capacity credit since the lines are almost parallel). 
Table 3 shows the numerical values of these credits based on two 
reliability criteria: either LOLP is maintained in the wind-assisted 


system or the frequency of loss-of-load events is maintained. 


methou (without operating restrictions taken into account) is not 
necessarily an upper limit. In particular if wind turbine output is 
reasonably well predictable in time, intelligent thermal system man- 
agement can take advantage of the fact that the conventional units 
are needed less due to the wind assistance, through which their ef- 
fective availability can increase. 

A practical situation will probably be somewhere between the extreme 
cas» 2 of table 3 (wind power exactly predictable) and case 4 (com- 
plete unpredictability met by additional spinning reserve). The 
-alculated capacity credits for these two cases are quite close to 
each other; the "classical" capacity credit (case 1) happens to bo 
just in between these two extreme values. 

If no additional spinning reserve is maintained to cope with un- 


predictable wind power fluctuations, system reliability is deterio- 


credit to be assigned to wind power depends on the operating parameters 
of the thermal plants and om the adopted operating strategy. The re- 
sults have shown that tue capacity credit, when calculated with the 
"classical" method, i.e., without taking into account the op.rating 


considerations, is not necessarily an upper limit. 


However, more important than the exact value of the wind power capacity 
credit is overall system reliability, which depends on various genera- 
ting system parameters and on operating policies. If a large amount of 
wind power would be integrated it may become advisable to adapt the 
thermal plant mix as well as the operating strategy in order to be able 
to respond in a flexible way to this intermittent source. The method 
described in this report may be helpful for a quantitative assessment 


of the impacts on system reliability of various possible alternatives. 





Further improvements and refinements of the method, e.g. along the lines 


developed in |16|, seem possible. 
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|22| L.P. Andreoli et al. Het bepalen van de faalkans van dieselgenera- | Appendix: MATHEMATICS OF THE RELIABILITY MODEL i (4) | 
vorum. B - . . . . a . 
i T'T "UT The equivalent failure rate \' is, in principle, the weighted sum of 
Elektrotechniek 58 (1980), 7 (juli), p. 439. A.l. Definitions per | | The c« 
ue all transition rates from available states (i.e. states 3 and 6) to ' 
ecome 
The six-state model of a conventional generating unit is given in fig. | unavailable states (i.e. states 4 and 5). Because in the model of 
4. The unit is chacac:ciized by the parameters A, u, Ps, Ts and Tp; fig. 4 the transition from state 6 to state 4 is the only relevant 
its rated capacity is C. The values of the transition rates p,, p-, transition, À' becomes 
o, and ps follow from the properties of the effective load and the | and ti 
level in the commitment pricrity list assigned to the unit. The proper- = ` 
I i ; "T 3" "9 | 
ties of the effective load are the cumulative probability, P. (E), and 
the cumulative frequency, f¿(E), of load levels greater or equal E | The equivalent failure frequency f' follows from the definition 
(see |14,15|). If the unit is committed as shown in fig. 3 it follows as Convo! 
, . 
that a disi (6) unit v 
f (C ) }14,1! 
= To Since in the steady-state condition the failure frequency should equal 
tike the repair frequency, the equivalent repair rate u' follows from I 
N £' = : A (7) 
I f (CL) n tv a ' 
Fe (Cy) x 
4 It is easily seen that in the limiting case of Tp *0 the following 
5 The transition — ar is split into predictable transitions relations hold (see fig. 4): where 
È due to load increases, f (E), and unpredictable transitions due to p. (x) 
jM generation failures, ES (E). The transition rate p, is split likewise. : Pg + 0, (8) o 
Mte Before any unit is committed the relations ES(E) = 0 and € (E) =f (E) Pe * Mg yon Pe(X) 
x OE O" ; š e 
di hold. This initial function £^ (E) (as well as the initial function A" + À. (10) pen 
vi X 
‘ F (E) is derived from historical or forecast system load data. The way ° 
in which the functions are determined after addition of a generating | Recursive relationships | 
unit will be discussed in section A.2. | | In eq: 
AU T ñ , I Nith the equivalent probabilities and departure rates defined in eqs. ; 
The knowledge of all transition rates in fig. 4 enables the computation i venler 
— i | | (3)-(7) the unit (with rated capacity C) can be convolved into the 4: 
of the steady-state probabilities of the unit under consideration (P;, Po, ..., w — 
li system with the "classical" formulae given in |14,15|. After addition d 


PQ). In Section A.3. the algebra can be found. Next the six-state model 


: ' " i " i | of the unit the effective load also contains the capacity on outage 

1S approximated by an equivalent" two-state model. The "equivalent" o. ; If wlr 
; kaa i 6 3 ies -— of the unit just added. The cumulative probability function F (E) be- 
availability of the unit, p , is the conditional probability of being a 





F ' (E) in tin 

i ; | comes i 
available, given a period of need: " wind [ 

1 
I = p'F (E) *q'F (E- li 
P +P F (E) = p F¿(E) +q F,(E-C), (11) | 
" 3 8 
Pa +P, +P; +P 
ET and the effective load transition frequency f,(E) becomes 

If, or 


and the equivalent non-availability q' 
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E (E) = p'£ (E) *q'£ (EC) +p'A'(F (EC) - F,(E)]. (12) 


ontribution to f (E) due to predictable load increases, EE), 


28 

2" (E) = ga + ' e^ 

je = p f (E) +q o (E-C), (13) 

le contribution due to generator outages becomes, by definition, 


.g' ' 2! 
1 (E) = £ (E) - £; (E). (14) 


lution of wind power, considered as a multi-stage production 


vith installed capacity C, is performed with the formulae (see 


1): 


C 

(E) = I p (x) F.(E-x)dx, (15) 
' C ç 

a (E) = / Po (x) „ni p, (E7X) f (x)dx, (16) 


is the probability density of wind capacity x on outage (due 


to lack of wind); 
dFe(x) 
dx ` 


is the frequency of transitions to wind capacity outages 





greater or eqval x. 


5. (15) and (16) the integral formulation has been used for con- 
ice. In the numerical calculations described in this report a 
te step size of 25 MW was used. The functions pò(x) and f(x) 


erived from historical hourly wind data. 


id power fluctuations are assumed to be completely unpredictable 


le the contribution £ (E) to f (E) becomes after the addition of 


ower: 
C 
LP L 
I (E) = I p, (x) f (E-x)dx. (17) 


| the other hand, wind power fluctuations are assumed to be ex- 


actly predictable £^ (E) becomes: 
C C 


E (E) = J Po (x) f (E-x)ax + f Pe (Ex) f(x)dx. 


T 
In both cases " (E) is determined by 


g' N ' - si 
fè (E) f. (E) £. (E). 


A.3. Steady-state probabilities 





The steady-state equations for the six-state model (see fig. 


unit to be committed as indicated in fig. 3 read: 


pj? - p Pa tuP2 + p Ps 


(u *o4,)P5* p P4 +p_P¢ 
L l 
(A * p2)P4 = (1-Pg)p, P, + uP, + T. Ps 


l 
(u +p_)P¿ * Psp+P| +04P2 5 P6 


l > 8 
E +p_)P¿= (1-Pg)o; P, 


l 
+. *o-)Pg* AP a 


6 
) P, z] 
1=] 


With the following abbreviations and substitutions (see also 


bol 


fe (Ce) 


section 


with 
l to tol, fo 2 Ba 4 
x = JOA w” + P_ ) (1 P. te "Es Tg +Psfo T.) 
' ett 
Po 


f 
- 21-29) + 


k... Mi 
{a-r + CI +05) + AT, (PO), (37) 


Est f fol 
= 11 Pg +2) -2 
P u uP, 
O 
teta ha 
l - — (c— 
(145) (1-29) me ( 


Po O 





fo " (2 ' Wi top, | 
lt )(1 -Po)Hi1 P Bis Cin) | . (39) 


= -PEET 
(1-P3)£) tele. 


Further, P, can be vritten as: 
À Tp 
Pe = (Po 7 P, 7 P5) 
l +T, Q + p_) 





P4 follows from 


P4 * P, + Ps + Pg = Po , 


and P, and P, can be obtained with eqs. (20) and (26). 


With these P, values the probabilities and departure rates of the 


"equivalent" tvo-state model can be evaluated (see section A.1). 


A.4. Remarks 





In the algorithm presented here the effective load is the key variable. 
Its properties are derived by successively adding generating units to 
the system load. In the work of Patton et al. |17| an other approach 
was used. There exact-state capacity outage probabilities and depart- 


ure rates of the generating system were derived first. Next the gene- 


rating system was merged with the system load to obtain probabilities and 


frequencies of cumulative margin states, The two approaches should yield 
the same results. The effective load concept has proved to be useful 


in other applications of the frequency and duration method |13-15|. 


The definition of the equivalent unit failure rate 1',eq. (5), differs 
from the one given in |17|. Patton et al. define the equivalent repair 
rate p' by 
| 
= '5 +u P 
u' = — 


4 





Py * Ps 


A" then follows from p'A' = d'u". 

The two definitions are not completely equivalent. Eq. (42) was not 
used in the calculations presented in this report, because it proved 
to lead to anomalous results in the limiting case of Tg 7 O. This can 
be explained as follows. The convolution equation (12) is based on 
the assumption that state transitions of a unit occur independently 
of the transitions of other units; therefore, the probability of si- 
multaneous failures and/or repairs can be neglected. However, with 

Ts +0 the transition from state 5 to state 3 (see fig. 4) coincides 
with the failure of an other unit. Application of eq. (42) in eq. (12) 
then leads to double counting of transitions. The use of eq. (5) does 
not lead to this double counting (see also eqs. (8)- (10) for the 


limiting case of Tp >0). 


Although some test calculations indicated that both definitions of the 
equivalent failure rate are acceptable if realistic system parameters 
are used, the use of a more Soundly based definition which avoids the 
observed ambiguity would certainly be more elegant. Suggestions for 


an improved definition can probably be found in |16| and |20|. 
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Fig. 1. Two-state generator mod 
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As the title says, the following remarks deal with 


transformation processes for renewable energy which are neither 


traditional (hydro power) nor dependent on agricultural 


production (biomass) or forestry (fuelwood), such as solar, 


wind, wave and geothermal energy. 


I. Investment Costs versus Current Costs 





Most of the transformation processes of renewable energy 
sources are characterized by a low energy flow density. 
For instance, the encrgy flow density of a conventional 


2 
power plant is in the order of 1 OOO OOO kw/m whereas 


that of wind and solar power plants is not more than 1 kw/m . 


That means that the transformation of renewable energy 
sources into final energy requires much more material 
ver unit of output than is needed for conventional fossil 


fuels. This in turn tends to raise the investment cost 


for renewable energy transformation processes substantially 


"ver those for conventional energy sources (Jarass, 1981). 


Renewable energy transformation has a cost advantage over 


fossil energy transformation on two accounts. Renewable 


energy sources are general'v freelv available and several 


solar transformation processes require no mechanical movements 


with the consequence of low maintenance costs. Current 
costs of renewable energy transformation are therefore low 


compared to fossil enercy transformation. It follovs that 


LA 
iie 


1 1 ° 
competitiveness of renewable energy depends on the va.uation 


of its relatively hiçh capital costs as compared to the 
current costs, in particular fuel costs, of competing 


enerdies. 
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If one production process has high investment costs 

and low current costs and the reverse holds fo: a 

second process which produces the same commodity it 

seems trivial that the competitiveness of the first 
process improves if the current costs of the second 

rise. This is the usual argument that rising prices 

of fossil fuels will make renewable energy mcre compe- 
titive. what often is forgotten is that rising fuel 
prices not only raise current costs of fossil fuel trans- 
formation, but also investment costs of renewable as 

well as fossil energy transformation which largely 
consist of the costs of energy intensive construction 
materials such as steel, glas and cement. If the invest- 
ment costs of transformation processes for renewable 
energy are larger than those for fossil fuels, tne 
adverse impact of rising material costs on competitiveness 


is also more pronounced for renewable energy. 


The conclusion is that the chances of renewable energy 


‚to become competitive is crucially dependent on the 


possibility to lower the unit cost of capital. To wait 
until rising fossil fuel prices have given renewable 
energy a competitive edge over fossil fuels may mean 


to postpone the market penetration by renewable energy 
for decades. 


II. Private versus Social Valuation 





Competitiveness alone does not ensure market penetration, 
at least not in the short and medium run. The reverse 

is also true, i.e. a new transformation process may get 
into the market although it is not competitive. The reason 
is that investment and production decisions for energy 
transformation processes are only partly guided by 


market forces. Government intervention into almost 


all stages of energy production, transformation and 
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marketing as well as technological development suppresses 
or severely distorts market signals and socializes 
economic losses or benefits. An uneconomic transfcrmation 
process can then survive because the losses do not show 
up in its cash flow, while an economic process gets no 


chance because its benefits are undervaiued. 


However, also government intervention outside the energy 
sector may lead to inefficient investment decisions. In 
many capital deficit developing countries, for instance, 
government intervention distorts factor prices resulting 
into too low costs of capital and too high costs of 
labour. This may be one of the reasons why advanced 
renewable energy transformation processes are often 
propagated for developing countries although the real 
factor scarcities of these countries strictly prohibit 


their application from an economic point of view. 


A much less obvious problem is the valuation of costs 

and benefits over time. This problem is of secondary 
importance if production processes with similar cash 
flows are compared. It becomes prominent if the financial 
outlays for one process are heavily concentrated on a 
certain point of time - investment costs in the case of 
renewable energy - while those for other processes 
stretch out over a longer period - fuel costs, waste 


disposal -, eventually over generations. 


The financial analvst has become accustomed to deal 

with financial flows over time by discounting them with 

a given discount rate. As far as costs are concerned, 
this procedure is justified by the fact that a financial 
outlay incurred in the future has a lower present 

value than an outlay today, because the amount of savings 
required today for the future outlay, if invested at 

a positive rate of return, is much less than the 


to be spent in the 








the 


dis 
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the proposition that the possibility to consume in 
future has a lover probability than the possibility 

consume today, because the individual or mankind may 

se to exist at any point of time. This is called pure 

e preference. In addition, discounting of benefits 

usually justified on the ground that with growing 

ome future consumption is less valuable at the margin 


n present consumption due to declining marginal 
lity (Engel's Law). 


latter can be explained with reference to an 


itive separable social welfare function: 


re W represents society's welfare cr utility, Cer Cost pees 


consumption sequence, and u . . marginal 


t’ Veet! 
lities. The relative change in consumption weights 
iously expresses the "discounting" of future con- 


ption by the society as a vhole: 





& ° <š tel _ du 

Mer ú 
extension we have: 

du (du , C| , AC 

u (u AC | C 

A 

22 26 sC 

u 


s the term in brakets and represents the elasticity 
marginal utility with respect to consumption changes; 


s the growth rate of consumption. 


one adds pure time preference, denoted by r, and 
| rate of change in marginal utility one obtains the 


count rate of benefits, often also called the social 


discount rate (i): 


(5) 


In a situation where society's welfare is maximized 

over time the rate of return of investment equals the 
social discount rate'. This justifies to use the same dis- 
count rate for costs and benefits. We therefore may 
discuss the likely magnitude of the discount rate by 


referring to expression (5). 


The pure time preference argument as a justification for 
discounting has been heavily criticized by such eminent 
thinkers like Ramsey (1928) ,Pigou (1932), and Harrod (1948). 
To consider the consumption of future generations less 
valuable than that of the present one is thought to be 
"ethically indefersible" (Ramsey, p. 543). Harrod even 
called time preference "a polite expression for rapacity 


and the conquest ofreason by passion" (Harrod, p. 40). 





"the argument roughly runs as follows. Given an economy's 
resources, the amounts of producible investment and 
consumption goods are limited. The various possible 
combinations of investment and consumption goods, which 
fully utilize all resources, are delineated by a pro- 
duction possibility frontier. The gradient of that 
frontier is the marginal rate of transformation of 
investment goods into consumption goods, which equals 
the rate of return on investment. Given that frontier, 
the maximum welfare is obtained where a welfare isoquant 
touches the frontier. The gradient of the welfare isoquant 
is the marginal rate of substitution between present and 
future consumption or the social rate of discount. At 
the point of tangency of the frontier anc the isoquant 
the rate of return and the social discount rate are 
equalized. 
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- But even for the individual's own choice within his 


life span time preference was not accepted as a defensible 
proposition. Pigou spoke of a defective "telescopic faculty" 
(p. 25) and Harrod of "a human infirmity, probably 
stronger in primitive than in civilized man". He explains: 
man may choose to sacrifice 2 units of utility ... 
20 years from now for the sake of ! unit now; but 
20 years' time he will presumably regret having done 
Unfortunately he will not then be able to reverse the 
process" (p. 40). 


What about the elasticity of marginal utility and the 
growth rate of consumption. Additional consumption certainly 
does not produce much additional utility in high income 
countries, while it will do so in poor countries. For 

the western industrial countries, the elasticity therefore 
is low,certainly below O.5. High income countries also 
cannot expect further high growth of consumption, contrary 
to developing countries at the beginning or in the midst 

of their "take-off" phase of development. If we assume 

for the industrial countries an average growth rate of real 
consumption of 2.5% until the turn of the century - what 
may still look high to some observers - the social rate 

of discount is 1.25 at its maximum if pure time preference 
is excluded. 


One may consider such a low discount rate as unrealistic, 
because - it might be argued - it cannot be matched by 
the market rate, which tends to be significantly higher. 
The reply is, first, what matters is the real rate of 
interest, i.e. the nominal rate reduced by the rate of 
inflation, second, present interest rates are biased 
upwards, primarily by too high government lending for 
consumptive purposes including military expenditure and, 
third, a society maximizing social welfare over time 
would be more investment and less consumption orientated 


than the present one. 
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How quickly the actual rate of return on investment 
approaches the social discount rate if more is invested and 
less consumed depends on how fast the marginal productivity 
of capital is reduced. One could well imagine that a 
mature society increasingly invests into qualitative 
improvements, i.e. projects which add little to the 
quantity of output. Apart from this, it safely can be 
assumed that countries where the capital stozk already 

is large see their marginal productivity of capital much 
faster declining than capital poor low income countries. 

A low market rate of return is therefore quite plausible 


for a mature society which approaches the welfare optimum. 


What are the implications of all this for renewable 
energy transformation processes? Assume two transfor- 
mation processes, a conventional one with fuel costs 
and one for renewable energy without fuel costs. For 
simplicity it is assumed that both produce the same 
output sequence. The relative profitability of the two 
processes then depends on the present values of 

current costs and investment only. To simplify things 
further, we assume that operating and maintenance costs 
are the same for both, leaving fuel costs as the only 
difference in current cost. If annual fuel cost are 153 
of investment costs and the lifetime of the two plants 
is 25 years, the present value of fuel costs is 2.2 
times the investment costs if a real discount rate of 
4.5% is used and 3.2 times if the discount rate is only 
1.258. The investment costs of the transformation process 
for renewable energy therefore can be in the first case 
2.2 times and in the second 3.2 times higher than those 
for the conventional plant in order to break even with 
the latter. If the comparison is made with nuclear power 
plants,where very late and eventually for a long time 
waste disposal costs accrue - which are normally not 


counted because with high discount rates their present 








223 


value becomes negli zible -, the compari 


more favourable for renewable energy r 


It may be concluded that market distor 
on the capital markets, lead to a syst: 
of renewable energy transformation prc 
situation, projects should be evaluate 
shadow prices and a shadow discount ri 
which by now is standard in project eu 
developing countries, but surprisingly 


neglected in industrial countries. 


III. Market Penetration 





The economic factors determining the r 
of renewable energy transformation pr« 
related to their investment costs. The 
problem of insufficient short-term su 
turned out to be of minor importance e 
energy is not utilized in isolation bi 
conventional transformation system. Fi 
are several potential uses of renewab. 
short-term supply security is not req! 
respect to long-term supply security, 
independence from imports or raw mate: 
renewable energy certainly ranks high: 


sources. 


As for investment costs, there are tw 
technological progress which could re 
in a basically unforseeable way. Ther 
cases in history where a technologica 
considered as unlikely or only feasib 
future point of time and then actuall: 
half a decade or less. The second asp: 
of scale, which means in the present : 


technology only becomes viable after 


son becomes even 


‚lants. 


‘tions, in particular 
‚ematic undervaluatior 
'cess. In such a 

d by using socalled 
ite, a practice 
raluation for 


' is almost entirely 


narket penetration 
|Cesses are primarily 
> Often quoted 

oply security has 

is long as renewable 


it integrated into a 


irthermore, there 
le energy where 
lired at all. With 
often defined as 
rials in generai, 


ast among all energy 


> aspects. One is 
luce investment costs 
2 have been many 

] breakthrough was 

le at a remote 

y occured within 

oct is economies 
context that a 


the decision to 
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produce it has been made. This requires entrepreneurial 
courage. If the respective industry is a public owned 
one, as is the case with many utilities, this courage 


may be lacking. 


However, the scale economies argument is often not 
correctly understood. The experience shows that the 
actual costs of a new process usually turn out to be 
higher for the prototype than originally estimated 
and often still rise afterwards when in the course of 
operation technical problems turn up which previously 
were not expected. Such problems will only be overcome 
and scale economies be realized if substantially more 


units are produced in sufficiently big lot sizes. 


The latter point cannot be overemphasized. The propensity 
of engineers to design ever larger units has hampered the 
market penetration of many new technologies. If either 
for market reasons or because of the financial involvement 
it is possible to produce only one or two units every 
year, it will take a long time until scale economies are 
realized. This is valid for nuclear power plants as 

well as large wind converters, e.g. of the GROWIAN type, 
or solar farms. For the sake of market penetration it 
would be - or have been - a much better strategy to con- 
centrate on smaller units and get them into operation 


in sufficiently large numbers. 


Another factor that favours the market penetration 

is a high rate of investment which would in mature 
economies, as demonstrated above, in any way bring the 
economy closer to the welfare optimum. A high rate of 
investment means a quick turnover of the capital stock 
and gives room for the introduction of new technologies. 


TO reiterate, that does not necessarily mean a high 


E 
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rate of growth. If the market rate of interest 
approaches the social rate of discount and the latter 
is low, investments with a low quantitative growth 
impact are economically viable and also profitable 

for the private investor. One of the most important 
policy measures on the side of the government therefore 
is to improve the investment climate and to provide 
conditions on the capital market which induce investors 
to calculate with a rate of interest which is close to 


the social rate of discount. 


A major potential cost advantage of renewable energy 
could result from its low energy flow density which 
makes it particular suitable for decentralized application. 
The low flow density only is a disadvantage in the con- 
ventional centralized system. In a decentralized energy 
supply system there could be substantial cost savings 
because the transmission system largely becomes obsolete. 
This is, of course, not immediately felt if a trans- 
mission system already exists, but may become only 
apparent for new investments or when the transmission 
system has to be replaced. However, as Bernardini and 
Colombo (1979) have argued, this cost advantage certainly 
will have an impact in the long run and may actually lead 
to a settlement pattern which is fundamentally different 
from the one we observe today and normally expect for 


the future. 
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I. Introduction and Background 


After a decade of renewed interest in generation of electricity by wind 
power, the average wind capacity per utility customer is still small, 
many apparently feasible sites are yet to be assessed, and realistic 
engineering and economic criteria are available for evaluation of wind 
systems. [here is room for "wind" to grow and there are methods to guide 
tha? growth. 


The technical and institutional problems of adapting wind energy to 
utility systems and vice versa are partly solved and an attitude of cau- 
tious optimism is appropriate for well-engineered units installed cor- 
rectly at sites with good wind resources. Electric utilities must be 
cautious in adopting new sources for the utilities are required to de- 
liver a homogenous product (electric energy) subject to stringent power 
quality and economic constraints. In particular. any source and load 
must be controlled to avoid serious degradation of "power quality" speci- 
fications while delivering energy reliably at minimum cost. 


Thus it is easy to understand why utility managers and engineers have 
appeared hesitant to embrace sources with which they have little exper- 
ience (and especially sources with the highly variable characteristics 
of wind power) and why numerous lists of technical and institutional 
problems with wind enercy have appeared. 


Nevertheless, it is a fact that several thousand SWECS (small wind elec- 
tric conversion systems) are operating in North American and that sev- 
eral hundred of them are in current operation on rural electric systems 
(RE's) without apparent severe effects on the connecting utilities and 
their other customers. For example, a summary of known WECS intercon- 
nected with rural electric system (RE's) is shown in Table 1. It is 
also true that at least 10 large WECS (over 100 kW) are in operation 







TABLE 1. SUMMARY OF CUSTOMER-OWNED GENERATION 









Number of 
Installations on 
Rural Electric Lines 














Small Wind Generators (1kW - 50 kW) 146 






Mini Hydro Plants (less than 1MW) 15 






Synfuels/Biomass 






Cogeneration 







Photovoltaics 







Geotherma 






Wood 


































Average size 6.86kW 
















Source: NRECA Prichett, paper Wind Energy Symposium, Energy Sources 
¡echnc!3gy Conference and Exhibition, March 7-10, 1982, New Or- 
leans, LA with May 1982 update on common SWECS sizes. 
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with velatively few difficulties due to interaction with the local 
utility. 


‘nes this experience indicate no further RE concern for interconnection 
problems is necessary? The authors believe not because: 


e The penetration of existing wind generation (total SWECS 
or WECS capacity versus feeder or system capacity) is 
very low and many interccnnection problems become signi- 
ficant only when wind power exceeds several per cent of 
system or feeder capability. 


RE staff members unavoidably become involved in relation- 
ships between consumers, SWECS manufacturers and instal- 
lers, and regulatory authorities. RE staff needs infor- 
mation and background to deal with these interactions. 


As knowledge about interconnection issues has accummulated over the past 
decade, their priority and immediacy has changed. Before expressing our 
opinion on the status of the major technical ones, we first review: 


e iikely configurations for WECS; 


e the nature of WECS sources versus conventional ones. 


Then we list the major issues associated with large WECS, their status 
and reference available reports which address those issues. Next, issues 
associated with SWECS are identified and several critical ones are re- 
viewed with reference to relevant studies. Finally we address in de- 
tail the problems of vars, self-excitation, voltage flicker, harmonics, 
and shared SWECS ownership (customer to customer direct interconnection). 


II. Configurations for Interconnected WECS 


A review of existing, planned and hypothesized WECS installations sug- 
gests the following list of likely configurations of WECS interconnected 
with utilities. 


|. Arrays of several to one hundred .5 to 5 MW WTG's (wind turbine 
generators) under utility operating control interconnected at 
transmission or subtransmission voltages. 


. One to several 200 kW to 5 MW WTG's under utility operating con- 
trol interconnected at higher distribution to subtransmission 
voltages. 


. One tc ceveral customer-owncd 100 kW to 5 MW WTG's interconnected 
to 3 pnase distribution with cutput in excess of customer re- 
quirements sold to the utility. 


. Arrays of 20 kW to 100 kW SWECS under utility operating contro] 
connected at higher 3 phase distribution voltages. 


Individual consumer-owned SWECS of 20 to 100 kW connected to 3 
phase distribution with excess output sold to utility. 
individual consumer-owned SWECS of 1.5 to 25 kW connected to 1 
phase distribution at service entrance voltage (120 to 240 V,a) 

. . 0 AN 
with excess output sold to utility. 


. Same as 6 except with load management controls to use excess 
output on-site so sell back is negligible. 


We expect most of the capacity installed will involve utility-controlled 
WECS at subtransmission voltages while the greatest rumber of units wil] 


be individual single-phase consumer-owned machines at service entrance 
voltages. We will concentrate on problems associated with these two 


categories. 
III. Performance Features of WECS 
Utility engineers often ask about the behavior of WECS and how they 
differ from conventional-fueled sources. At the risk of oversimplifica- 
tion, the following differences are significant: 

e No fuel cost and high capital cost per kW. 

e Output cannot be scheduled. 


It takes many WTG and a large land area per 100 MW. 


The power output changes are fast, extreme, and hard to 
predict. 


On a per-unit basis, most NTG's have high inertia and very soft 
shafts wnich provide for good transient Stability and synchroni- 
zation properties. 


Except for units with synchronous alternators, WECS require 
substantial VAR support by the utility. 


e WECS operate in an uncontrolled hostile environment. 


Many of the technical problems associated with utilizing WECS follow from 
these behavioral features which, in turn, arise from that highly variable, 


unpredictable, low-energy density phenomenon called "wind." 


IV. Technical Major Interconnection Issues Associated with Large WECS 


Many of these are sensitive to WECS penetration and don't apply-to single 


units on strong feeders. 
l. Transient and dynamic stability behavior. 


2. Effect of power variability on System dispatch and unit 
commitment. 
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3. Optimum bus configuration and voltages for array 
interconnection. 


4. Array control. 


We neglect here WIG interference with television and microwave communi- 
cation, annoyance associated with blade-induced acoustic noise, and 
safety for concurrent uses of WECS sites. All are important but can be 
avoided in many instances by judicious (cautious) siting practices. 


The status of each issue is summarized below: 


l. Stability 


It is necessary that utility and/or wind disturbances do not excite 
growing oscillatory variations in WTG variables such as Stress, torque, 
current and power output. It is best when these variables in a gener- 
ator quickly "settle down" after disturbances such as wind gusts, Short 
circuits, and switching and lightning-induced surges. Stability proper- 
ties of a WECS depend not only on its design but on the parameters of 
other WECS and other lines and generators in the utility System, To 
investigate these concerns, D.O.E. sponsored at least five technical | 
studies on the stability properties of individual large WECS and WECS in 
arrays. The best report is "Dynamics of Single- and Multi-Unit Wind 
Energy Conversion Plants Supplying Electric Utility Systems by E. N. 
Hinrichsen and P. J. Nolan of Power Technologies Inc. [1]. The studies 
concentrate on horizontal axis units with transmissions and determine 
that electrically and mechanically (wind) produced transients are lar- 
gely decoupled due to the high rotor inertia and "springy connection 
between rotor and generator. This means that WTG's have excellent 
transient stability properties and can be synchronized in spite of rela- 
tively large phase and speed mismatches. Similar results were found for 
efficient low-slip induction generators and for WTG's in arrays where 
intermachine oscillatory modes are of higher frequency and damping, 


2. Power Variability 


No large arrays are yet in operation but examination of power output re- 
cordings from MOD-OA and MOD-2 indicates dramatic and fast excursions 

in output power that follow from wind variability. For example, during 
last February, the Block Island MOD-0A varied between 75 kW and 225 kW 
about 20 times during a half hour interval which forced the regulating 
diesel in parallel to do some fancy following. Such fluctuations can be 
managed when they are less than normal load changes but can get onerous 
when WECS penetration exceeds several per cent. Detailed simulations of 
WECS arrays, spread over a wide area (80 by 90 miles), indicate a change 
from 95% array output to 255 in 80 minutes with array short term Fluc- 
tuations of several percent of array capacity. Denser arrays can suffer 
faster changes. 


The problem is one of regulation and load following as well as security, 
The basic problem is that sudden increases in array output forces con- 
ventional generation to "unload" at high rates--and this wind power in- 
crease may occur during normal load dropoff which exacerbates the 
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The reverse situation is a decrease in array output during 
-kup which requires increased "quick pickup" capacity. Since tne 
are directly related to penetration and array wind characteris- 
ne following must be addressed: 


\rray power going up while load is going down forces 
-onventional generators to "unload" quickly while the 
inverse situation forces quick pickup. 


‚onventional generators used for regulation may incur 
extra maintenance and fuel costs as they try to com- 
jensate for power variations. 


The schedule of assigned generators (unit commitment) 
vill require changes if wind variations are large 
hich increases production cost. 


he effects are most severe for isolated utilities 
yr those who cannot "ride their ties" for regulation. 


effect will be an increase in "cost" of wind energy not included 
ibilistic planning studies. 


rence is "Operations Model for Utilities Using Wind Generator 
done at Michigan State University [2]. 


mum Array Configuration 


t yet clear what electrical conf`gurations for interconnecting 

arrays are best. Electrical configuration means the connection 

in an array by a network of transformers and lines arranged to 

cessive fault currents, excessive losses, and with minimum 

ion and maximum reliability, DC interconnection is also pos- 

d offers the potential of battery storage to reduce power yar- 
Several studies have been funded but no final reports have 

ued and no definitive results available. Arrays probably can 

ssfully interconnected by conventional methods. 


y Control 


ssible, but not certain, that array controls implemented via 
s and data links to each WTG in an array will ameloriate the 
of problems 2 and 3 above. In general, array control strate- 
uld account for the expected range of wind conditions; the 
of WTG's in an array; the method of interconnection; and the 
ng, load following, and unit commitment capability of the 
Several studies are in progress but no reports have been pub- 


rize our discussion of large WECS interconnection by stating the 
appear to be solvable as long as penetration remains low and 

it depends upon array wind characteristics and the behavior of 

ciated utility. At present, it seems clear that the MOD-2 array 

ndale is not causing significant system problems (low penetra- 

d the MOD-OA on Block Island is causing problems (high 





penetration). 


V. Technical Interconnection Problems With SWECS 


During the renewed impetus in WECS development, researchers, industries, 
and utilities nave compiled concerns about SWECS interconnections [3, 4, 
5, 6]. Many of these concerns were registered in view of the potentia! 
impacts of large numbers of SWECS interconnections. Through the experi- 
ence gained in the past 5-7 years, these concerns have become more 
focused and their priorities have changed. 


Table 2 presents an updated list of SWECS interconnection issues which 
has been organized in accordance with the frequency of occurrence in a 
recent literature survey [7]. As the list indicates, although safety to 
personnel and equipment continues as a foremost concern for WECS, utility 
staff efforts have become more focused in the areas of: 


e Customer relations, problem resolution, and education; 
e Questions about insurance and indemnification; and 


e Questions about rates, cost of service, and payment of 
interconnection and metering costs. 


Since these topic areas are being discussed by others, they will not be 
discussed here. An examination of the remaining entries on Table 2 indi- 
cates that the concern for WECS self-excitation during an outage (rela- 
ting to safety), harmonics, procedures for the sizing of WECS, deter- 
mining upper interconnection limits, and a large number of issues related 
to the quality of service dominate. 


Other concerns relate to the need for more and improved information about 
SWECS hardware and the SWECS ability to accommodate the required system 
operations. Such operations include voltage regulation, electric pro- 
tection equipment (recloser) cycling, and line switching. 


We suggest that these concerns are as valid today as they were at the 
initiation of the renewed national wind energy program, but that mere 
identification is insufficient to provide RE staff people with the infor- 
mation needed to deal with SWECS questions in a professional manner. 


RE's and other utilities have supported tests of commercial SWECS, publi- 
cized ne use of SWECS and have developed testimony and information for 
regulatory bodies to assure that SWECS are designed, interconnected, 
operated, and maintained to operate properly with the electric system to 
which they are interconnected. This experience and the observation of 
the behavior of several hundred interconnected wind systems suggests 
there are needs in the areas of: 


e Developing standards and certification procedures which 
will assure that interconnected wind energy systems are 
safe, have been adequately tested and will be properly 
maintained. 
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TABLE 2. KNOWN WIND ENERGY CONVERSION SYSTEM INTERCONNECTION ISSUES 





Customer Relations and Problem Resolutions 

Insurance and Indemnification 

Rates, Cost of Service and Payment of Interconnections Costs 
Safety to Personnel and Equipment 

Self-Excitation During Outage 

Harmonics 

Power Factor and VAR Flow 

Quality of Service 


- Voltage Levels/Voltage Drop 

- Voltage Flicker 

- Effects on Neighbors 

- Utility Measurement, Instrumentation and Analytical Procedures 


SWECS Operations Characteristics and Performance Prediction 
SWECS Sizing Procedures and Interconnection Limits 


Stand Alone vs Interconnected 
Load Matching 
Single Unit Maximum Size 
- Transformer Combinations 
Service Drop Sizing and Electrical Interaction 


Utility Planning Procedures with Substantial SWECS Penetration 
Hardware Components and Reliability 


- Standards and Component Certification 
- Generator Type 

- Inverters (and Harmonics) 

- Wind Tower Setbacks 


Control or Dispatch of Units 
Grounding 
Interference 


- Audible Noise 

- Audio Frequency Inductive Coupling 
- Radio Frequency Inductive Coupling 
- Television Frequency Interference 


Electrical Protection (Utility and Customer Side) 


Disconnects 

Fusing 

Breakers 

Reclosers 

Relaying Specification and Coordination 
Phase Unbalance 


Source: USDA Cooperative Agreement 58-519B-1-970, USDA-AR-NCR, Iowa 
State University, Ames, IA, Reference [7]. 


` 
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TABLE 2. KNOWN WIND ENERGY CONVERSION SYSTEM 
INTERCONNECTION ISSUES, Continued 





Automatic SWECS Shutdown Control 

Lightning Strike Containment 

Fault Current Contribution 

WECS Accommodation of Required Utility Equipment Operations 
Operations and Maintenance Responsibility 

WECS Pre-Installation Data Requirements 

Utility Access and Inspection 

Standards and Certification 

Metering 
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The American Wind Energy Association ha 
proposed standards which will aid RE's 
Standing SWECS behavior and an ASHE com 
(PTC 42) is drafting acceptance test co 
large WECS. 


e The need for concise definition and transfer 
procedures and "rules of thumb" so that RE s 
can make simplified calculations of the effe 
without incurring extensive costs for consul 
ized staff. 


Some of these procedures and estimators 
available in work done or sponsored by 
Flats, NRECA, Michigan State University 
Systems Control Inc. [8, 9]. Several a 
ported later in this paper. 


e [he need for improved and more versatile uti 
ment and instrumentation equipment which can 
surements of the quality of power before and 
stallation of WECS. 


Standard utility load recorders can be easily conne 
the output of watt hour, var hour and wind run sens: 
and var measurements. However, measurement of harm 
interference generally requires trained persons and 
sive instruments. 


Before explaining assessment methods for several of 


interconnection issues, we briefly summarize severa 
issues. 


Electrical Protection 





If the range of SVIECS power output and correspondin: 
ranges can be estimated, designing protection for u: 
SWECS is conventional except for conditions of high 
tion SWECS act like induction motors and line commu! 
like battery chargers or speed controllers. Except 
(addressed later), the only unusual protection prob’ 
ance which can only occur under high penetration (a: 
tions where one phase of a radial feeds an area wit! 
SWECS capacity and the other phases have small or ne 
tration. When wind power output is large at light | 
phase feeder, resulting zero and negative sequence « 
protection and metering problems at the 3 phase sub: 
c currents may require modification of relay 
lays. 


At least one manufacturer of utility-grade protecti\ 
adjustable over-under frequency and voltage relay fc 
SWECS and the utility. We suggest that an over-unde 
conjunction with a conventional circuit breaker wil] 


Pe 


s drafted 
in under- 
nittee 
des for 


of analytical 
taff personnel 
cts of the SWECS, 
tants or special- 


are 

Rocky 
, and 
re re- 


lity measure- 
provide mea- 
after the in- 


sted [8] to record 
rs for performance 
nics and radiated 
specialized expen- 


the high priority 
| middle priority 


J VAR or current 
-ility feeders with 
penetration. Induc- 
.ated inverters act 
for self-excitation 
em is phase unbal- 

- light load) condi- 
| relatively large 
gligible SWECS pene- 
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protection for most single phase SWECS, nearby customers, line personne! 
and utility equipment. 


Several studies have been done on prctection and related 
problems. We suggest the SCI study [9] as comprehensive 
and useful. 


Lightning 





Well-sited SWECS rotors are high and attract lightning. Damage to SWECS 
via lightning surges appears to be a leading cause of down-time-- 
expecially where DC-AC inverters are involved. Lightning protection 
must be a SWECS design parameter. We cite the only reference we know 


[10]. 
VI. Significant SWECS Interconnection Issues 


Next we describe five technical issues we believe are of high priority 
and include some direct methods for assessing them in the appendix. 


VAR Demand 





Several tests of SWECS using induction generators or line commuted inver- 
ters indicate that such SWECS have average power factors under .7 or, 
stated in another way, always draw more vars from the utility than they 


generate in watts. Test data [8] is shown in Appendix A. Under 100% pene- 


tration conditions (high SWECS output, low feeder load), the current on a 
feeder may be purely reactive causing excessive phase unbalance. Capaci- 
tive var compensation is not the complete solution because capacitance in- 
creases the propensity for self-excitation. Added capacitance may also 
exacerbate harmonic problems when used to compensate inverters.  Induc- 
tion generators absorb the vars to establish the mangetic fields in the 
machine and inverters require vars to commutate the current pulses. See 
reference [12] which is a recent standard. 


Self-excitation 





The magnetic fields and associated voltages quickly collapse in induction 
generators when the utility line is opened. If capacitive compensation 
exceeds magnetizing vars, self-excitation of induction generators has 
been observed [8] under some wind and with light load conditions. The 
problem is explained in detail in [8] and some typical data shown in 
Appendix 8. The remedy is to insure that installed capacitance, when 

net isolated load is less than SWECS power output, is less than the no 
load var demard of the induction generator. Appropriate capacitor sizing 
limitations are stated in the National Electric Code. 


Voltage Flicker 





The variations in SWECS power output and the inrush current for starting 
of Induction SWECS Can cause significant voltage dips which, in turn, 
cause light flicker which is an annoyance to customers. 


Voltage dip will be Characteristic of induction WECS which do not contain 
internal control logic wnich avoids parallel operation unless the gener- 
ator speed is within 7-10% of the synchronous speed. Voltage dip most 
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directly affects the service to which the SWECS is interconnected, inclu- 
ding any other services sharing the same transformer. Cycling SWECS on 
and off line can also cause voltage dip on a feeder and at the secon- 
daries of substation transformers which would affect many consumers. 
However, a simplified analysis can allow improved coordination between 
consumers, the RE, and the WECS manufacturer and supplier. 


A simple analysis technique for evaluating potential voltage dip prob- 
lems is given in Appendix C. 


darmonics 





The narmonics problem has been associated primarily with WECS using syn- 
chronous or line-commutated inverters to convert rectified alternating 
or direct current to synchronous 60 Hz power. With induction type SWECS, 
significant harmonics are not generated by the SWECS itself, but exces- 
sive harmonics on the distribution feeder can be absorbed by the SWECS 
[creating induced heating and damage as with any induction motor] or by 
capacitors [requiring derating or causing reduced service life]. The 
magnitude of harmonic power developed will depend on the harmonic cur- 
rents produced by the SWECS and its inverter and the impedances of the 
secondary service, transformer, and the utility system at the harmonic 
frequencies. 


A recent experimental study[11] concerning harmonics producea by resi- 
dential photovoltaic systems with line-commutated inverters indicates 
that most harmonic currents flow into the utility system (due to its low 
impedance) and not into the local load since its impedances are higher. 
Other significant findings from this study, which seem reasonable to us, 
include: 


e The inverter is a current source that injects definable 
current components at harmonic frequencies. 


The harmonic voltages in the residence were slightly 
changed by the effect of inverter harmonic currents 
but no effect on voltage harmonics was observed at 
the distribution transformer primary. 


Even though it is technically possible to fiiter harmonics at the source, 
many installations utilizing inverters have not done so because of the 
cost involved and the decrease in apparent efficienty. Harmonic effects 
are described in a recent IEEE standard [12]. 


Shared WECS 





As one final example of the role for increased analytical examinations of 
WECS interconnections, we discuss a practical problem which right be de- 
fined as the "shared SWECS problem." The shared SWECS prob;em could re- 
sult from a proposed joint ownership of a SWECS, where one customer might 
wish to join with a close neighbor to parallel the output of his SWECS 
with the neighbor's service using a non-utility connection. In another 
example, a large farming or ranching operation served by extensive secon- 
dary feeders could propose to parallei a SWECS with widely-separated 
loads. The overloads and a potential safety problem which can result is 
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described in Appendix E and a calculation procedure is illustrated. 


VII. Conclusion 


Most of the technical problems associated with NECS or SWECS intercon- 
nection can be managed without excessive costs and degradation of service 
quality as long as WECS penetration is modest. However, as WECS penetra- 
tion gets larger, either a decrease in quality of service or significant 
added costs will likely occur. The question of who will pay these costs 
we leave to others. | 
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SUMMARY 
The Expert Meeting started with a survey of the main results of Annex Illa. 
The foilowing contributions focucad on some central problems which were 
worked out during the project Annex IIIa. Some papers were invited from 
countries where corresponding problems were dealt in great detail. 


following contributions were given: 


Results of Annex Illa, by H. Pape (Universität Regensburg, Germany) 





l 


his survey outlined the methodology which was used to estimate the 
breakeven costs of LS WECS turbines. The limits of the approach were 
shown and the main results were presented. 


- Do V. S have a capacity credit by T. Janssen (ECN, Netherlands) 





It was shown that the capacity credit of WECS must be calculated subject 
to the condit?on that the system reliability - the loss of load probabili- 
ty - is not degraded It is often doubted that this is possible because 

of the ever fluctuating WECS power output. The author discussed this argu- 
ment, i.e. in the paper it was shown how the fluctuations are taken into 
account by the capacity credit calculations. 

Remark: We publish three papers of the author and his collegues. 


Some economic aspects of the penetration potential of advanced transfor- 





mation processes for non-agricultural renewable energy by L. Hoffmann 





(Universitat Regensburg, Germany) 


Wind turbine parks in electricity utility systems by W. Dub (Universitat 








The paper considered with the transformation processes for renewable 
Regensburg, Germany) | energy which are neither traditional (hydro power) nor dependent on 


The limited knowledge we have of the power output of individual NECS and agricultural production (biomass) or forestry (fuelwood), such as solar 


arrays of WECS in the fluctuating real wind field were discussed. wind, wave and geothermal energy. Especially were investigated the in- 


vestment costs versus current costs, the private versus social valuation 


Integration of wind power in the Swedish power system - wind power | and the market penetration. 





varıation and need of reserves by K. Walve (Swedish State Power Board, 
lallingby, Sweden) We publish also a paner of G.M. Obermair witn the title "High time resolu- 





Piret ailes af sha mata wind Ès | I | | iution wind data and the dynamic production function of WECS's" (see item 2 
ow s u om LR of our Contents), Prof. Obermair was not able to read his paper on th 
I ! . 
to Annex Illa were discussed, especially the different methods and models. I D i 
meeting. 


wind forecasting and some other aspects of wind information relevant to A contribution of the United states by R.W. Stafford and G.L. Dark has 
Integration of WECS in the grid by S. Bodin (Swedish Meteological and | | the title "Technical Probiems of WECS Interconnection ". The authors were 








Norrköping, Sweden) ied also not able to read their paper on the meeting. 


periods as demanded by the utilities, the quality 
(resp. WECS output) for such forecast horizons were 


recommendations for the utilities. 
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